It has been suggested the E1B 55 kDa mutant adenovirus dl1520 can selectively kill p53 -deficient human tumor cells. In this study, we examined the cytotoxic effect of dl1520 on nine human hepatocellular carcinoma ( HCC ) cell lines with different p53 genetic and functional status. The results showed that HCC cell lines with deleted or mutant p53 gene and reduced p53 transcriptional activities were more susceptible to dl1520 -induced cytolysis. Hep3B ( p53 -null ) and HepG2 ( p53 -wt ) cells were arrested at G2 / M phase when cytolysis occurred. Cyclin -dependent kinase inhibitor ( CDKI ) p21
T o replicate in host cells, adenoviral early genes encode several proteins to counteract with the host cellular proteins and enable adenovirus to replicate in the cells. E1A is the first viral transcription unit to be expressed after the viral chromosome reaches the nucleus of the infected cells. The main activity of E1A proteins is to force host cells to enter the S phase. E1A proteins bind to the retinoblastoma tumor suppressor protein pRB and its related proteins p107 and p130, and release transcription factor E2F from E2F ±Rb complex.
1 ± 3 E1A proteins can also bind to p300 / CBP ( CRE -binding protein ) family members, and block the ability of p300 /CBP -mediated transcriptional activation by disrupting the endogenous PCAF (p300/CBP -associated factor) ± p300 complex. 4 In addition to induce proliferation, E1A proteins induce both p53-dependent and p53 -independent apoptosis, which requires the help of E4orf4 protein. 5 ± 8 Both E1B proteins and E4orf6 protein can block E1A -induced apoptosis. E1B 19 -kDa protein is a function homologue of Bcl -2 and can inhibit both E1A -induced p53 -dependent and p53 -independent apoptosis through the similar mechanism of Bcl -2.
9 ± 11 E1B 55-kDa protein binds to the N -terminal end of p53 through its central and carboxyl -terminal regions and inhibits p53 transcriptional activity. 12, 13 Recently, E4orf6 protein was found to bind to the C -terminal of p53 and inhibit p53-mediated transcription activity as well.
14 Co -expression of E1B 55 -kDa and E4orf6 proteins decrease the stability of p53. 15 ± 17 Hence, E1B 55-kDa and E4orf6 proteins bind to p53 independently, and inhibit p53 transcriptional activity coordinately. 18 Because E1B 55 -kDa protein functions to inhibit p53 -mediated transcription and allows adenovirus replication. Bischoff and his colleagues 19 suggested that E1B 55 -kDa mutant adenovirus might replicate selectively in cells lacking a functional p53, but not in cells with normal functioning p53. In this study, we examined the cytotoxic effect of dl1520, an E1B 55-kDa mutant adenovirus, on human hepatocellular carcinoma ( HCC ) cell lines. Loss of p53 transcription activity could be induced by both p53 gene mutation and binding to oncoproteins, such as HBx antigen. 20 ± 22 p53 gene mutation does not necessarily interrupt p53 transcription activity. 23 Here we examined nine human HCC cell lines for both p53 genetic and functional status and the cytotoxic effect induced by adenovirus dl1520. On the base of the experiments, we further investigated the possible mechanism underlying the cytolysis in HepG2 ( p53-wt) and Hep3B (p53 -null ) cell lines.
MATERIALS AND METHODS

Cell lines and cell culture
Six hepatocellular carcinoma cell lines, CH -Hep -1 to CHHep -6, were established from fresh tumor tissue of six patients with HCC, who were from Southeast China and were treated in the Tumor Immunology and Gene Therapy Centre, Second Military Medical University, Shanghai, P.R. China. p53 genes in these cell lines, exon 5 to 10, have been sequenced previously. CH -Hep -1, CH -Hep -3, CH -Hep -4, and CH -Hep -6 contain p53 gene mutations at codon 229, 245, 158, and 255, respectively. CH -Hep -2 and CH -Hep -5 have wild -type p53 genes. Hep3B ( p53-null ), HepG2 ( p53-wt) , PLC /PRF/ 5 (p53-mut ), Chang liver (a transformed hepatocyte cell line ), and fibroblasts were maintained in 5% CO 2 incubator and cultured in Dulbecco's modified Eagle's medium or RPMI 1640 (Gibco/Life Technologies, Rockville, USA ) containing 10% fetal bovine serum (Helena BioSciences, Sunderland, USA ).
Virus
E1B 55 -kDa mutant adenovirus, dl1520 (a gift from Dr. A. J. Berk, Los Angeles, CA ) was described previous. 24 The dl1520 was propagated in 293 cells. Briefly, 293 cells were infected with dl1520 at a multiplicity of infection (MOI) of 1 ±100. Two to 3 days after infection, cytopathic effect was completed in 293 cells. Then, 293 cells were harvested. After three freeze ± thaw rounds of cell pellet, the virus was purified by centrifugation in discontinuous and equilibrium cesium chloride gradients. The virus titer was determined by plaque assay on 293 cells.
DNA transfection and reporter gene expression analysis
One day before transfection, 3Â10 4 HCC cells were plated into each well of 24 -well dishes. Cells were cotransfected with 2.5 g of luciferase reporter vector mdm2-luc ( p53 responsive ) and 2.5 g -galactosidase reporter vector CH110 by cationic lipid, DMRIE.Br ( Vical, San Diego, USA ) according to the manufacturer's instructions. Lyses were prepared 36 hours after transfection and luciferase activities were detected using luciferase assay system ( Promega, Madison, WI ) and TD -20 /20 luminometer ( Promega, Madison, USA ) according to the manufacturer's instruction. -Galactosidase activities were detected as described previously. 25 Luciferase activity was normalized with -galactosidase activity. Each experiment was done three times.
Cytotoxic assay
Cells were separated 20± 24 hours before infection into a 96-well plate at a density of 1000 cells per well. Cells were washed with PBS once, and infected with 50 L adenovirus in serum -free medium at MOI 1 to 100 for 1 ± 2 hours at 378C. One hundred fifty microliters culture medium containing 10% fetal bovine serum was added afterwards. Cells were kept in a 5% CO 2 incubator at 378C for 4 to 12 days. Four and 12 days after infection, cytotoxic assay was performed as described previously. 26 were then stained with 0.4% sulphorhodamine B ( SRB ) for 10 minutes at room temperature followed by five times washing with 1% acetic acid solution. Finally, OD at 560 nm was measured and the percentage of survival cells was calculated by comparing the OD 560 nm of infected cells with uninfected cells. Each experiment was done three times.
Northern blotting analysis
Total RNA was isolated at various times after dl1520 infection at MOI 100 using RNeasy mini kit (Qiagen, West Sussex, UK ). p21 cDNA fragment was labeled with [ -32 P] dATP using HYPER -PRIMER Quick kit (Bioline, London, UK ) . Ten micrograms of total RNA was used to hybridize with the probes as previously described. 27 
Western blotting analysis
Cells were harvested at various times after adenovirus infection at MOI 100. Equivalent amounts of cells were lysed in RIPA buffer (50 mM Tris ± Cl, pH 7.5, 150 mM NaCl, 1% IGEPAL CA -630, 0.5% sodium deoxycholate, 0.1% SDS, and freshly prepared 100 g/ mL phenylmethylsulfonyl fluoride ). After disrupting genomic DNA by passing the protein solution through a 21 -gauge needle 10 times, 6Â SDS buffer ( 3 mL 20% SDS, 3 mLmercaptoethanol, 4 mL glycerol, 0.1% bromophenol blue ) was added to each sample. Equal amounts of protein samples were electrophoretically separated by SDS ± polyacrylamide gel, and then electroblotted onto a Hybond ECL nitrocellulose membrane (Amersham, Uppsala, Sweden ) using Trans -Blot SD, semi -dry transfer cell ( Bio -Rad, Hercules, CA, USA ) . Membranes were hybridized with anti -human Bax monoclonal antiserum ( B -9 ) obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA ) . Protein ±antibody complexes were visualized by ECL system (Amersham, Uppsala, Sweden) according to the manufacturer's protocol.
DNA fragmentation analysis
At various times after dl1520 infection, cells were harvested and lysed in lysis buffer ( 10 mM Tris ± Cl, pH 8.0, 0.1 M EDTA pH 8.0, 20 g/mL DNase -free RNase, 0.5% SDS ) , and incubated at 378C for 30 minutes. Proteinase K was added to a final concentration of 100 g /mL, and incubated at 558C for 12± 16 hours. After phenol ± chloroform extraction, DNA was precipitated by ethanol and resuspended in 100 ± 200 L TE buffer. DNA samples were electrophoresed on 2% agarose gel and visualized by ethidium bromide. Cell cycle distribution analysis after dl1520 infection in HepG2 and Hep3B cells. Cells were infected with dl1520 at MOI 100, at various times after infection as described in the text. Then, cells were harvested and stained with propidium iodide. Cell cycle was analysed using FAScan flow cytometry. The percentage of cells in each phase was calculated.
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RESULTS
Both p53 gene mutation and abnormal transcription activity occur in HCC cell lines
To determine the endogenous p53 transcription activity of HCC cell lines, a luciferase reporter plasmid, mdm2-luc, containing p53 responsive element was transfected into each HCC cell line. Chang liver, a transformed hepatocyte cell line containing wild -type p53, was used as control. p53 transcription activity was indicated by the relative luciferase activity. p53 transcription activities were reduced in three of six HCC cell lines harbouring mutant p53 gene (Fig 1) . Notably, p53 transcription activities were reduced in two of three HCC cell lines harbouring wild -type p53 gene. The result indicates p53 gene mutation does not always disrupt p53 transcription activity, and p53 transcription activity could be blocked by oncoproteins such as HBx antigen in HCC.
Cytotoxic effect of dl1520 in HCC cell lines were related to both p53 genotype and transcription activity dl1520 -induced cytotoxic effect was tested on HCC cell lines with different p53 genetic and functional status. Four and 12 days after dl1520 infection at MOI 1, 10, and 100 cytotoxic effects were determined by colorimetric assay. Hep3B cell line (p53 -null ) was most susceptible to dl1520 -induced cell killing. Four days after infection, over 60% Hep3B cells were killed by dl1520 at MOI 100 (Fig  2A ) . CH -Hep -3 with mutant p53 gene and reduced p53 transcription activity had a delayed cell killing by adenovirus dl1520. Twelve days after infection, over 60% cells were killed at MOI 100 ( Fig 2A ) . CH -Hep -1, which had both mutant p53 gene and reduced p53 transcription activity, was less sensitive to dl1520 infection (Fig 2A ) .
HCC cell lines PLC /PRF /5, CH -Hep -4, and CH -Hep -6 with mutant p53 gene but retaining p53 transcription activity were not susceptible to dl1520 -induced cell killing, with Waf -1 / Cip -1 mRNA level after dl1520 infection. Hep3B and HepG2 cells were infected with dl1520 at MOI 100, at various times after infection as described previously and total RNA was extracted. Ten micrograms of each sample of RNA was applied for Northern blotting analysis of p21
Waf -1 / Cip -1 mRNA level. The relative density of signals was determined on a molecular imager ( Bio -Rad ) .
less than 20% cell death after dl1520 infection (Fig 2B ) . HCC cell lines CH -Hep -2 and CH -Hep -5 with wild -type p53 gene and reduced p53 transcription activities had no obvious response to dl1520 -induced cell killing as well ( Fig  2C ) whereas it was observed that dl1520 caused around 20% cell death in HepG2 cell line that contains wild -type p53 gene and normal p53 transcription activity ( Fig 2C ) . Transformed hepatocyte cell line, Chang liver, and fibroblast cell line were tested as controls. As shown in Figure  2D , dl1520 caused less than 15% cell killing in Chang liver and no significantly killing effect was observed in the fibroblast cell line.
The results indicate that the susceptibility of HCC cells to dl1520 -induced cytolysis is related to cellular p53 genotype and transcriptional status; however, other genes might be involved in the regulation of dl1520 -induced cell killing as well.
dl1520 -induced cytotoxicity caused cell cycle arrest at G2 / M phase
To investigate the mechanism underlying dl1520 -induced cytolysis, we analysed cell cycle status by detecting DNA content stained with propidium iodide on flow cytometry. Twenty-four hours after dl1520 infection, when cytotoxic effect was observed in Hep3B cells, the percentage of cells in G2 / M phase was greatly enhanced from 23% to 51% ( Fig  3 ) . The percentage of cells in G2 /M phase increased 48 hours later as cytolysis progressed. The result indicates that G2 / M arrest might be related with cytolysis induced by adenovirus dl1520. This hypothesis was supported by the cell cycle perturbation in HepG2 cells after dl1520 infection. Twenty -four hours after dl1520 infection, when cytolysis wass hardly observed in HepG2 cells, cells were mainly at the S phase ( Fig 3 ) . However, 48 hours later when cytopathic effect occurred, the percentage of cells in the S phase decreased from 70.5% to 57.5%, with a concomitantly increasing fraction of cells in G2 /M phase. These data suggest dl1520 -induced cytotoxicity might be mediated by G2 /M arrest.
It has been suggested that cyclin-dependent protein kinase inhibitor ( CDKI ) p21
Waf -1 / Cip -1 was induced after dl1520 infection.
28 p21 Waf -1 / Cip -1 can be transactivated by p53 and induce a G1 growth arrest 29 ± 31 as well as a G2 arrest. 32 ± 34 To investigate whether G2 / M phase arrest induced by dl1520 is regulated by p21
Waf -1 / Cip -1 , we detected p21
Waf -1 / Cip -1 mRNA level by Northern blotting.
No p21
Waf -1 / Cip -1 expression could be detected in Hep3B before and after dl1520 infection (Fig 4) , whereas the level of p21
Waf -1 / Cip -1 mRNA was downregulated 24 hours after dl1520 infection and increased 48 hours later, when cytopathic effect occurred, in HepG2 cells (Fig 4) . The results indicate G2 /M arrest by dl520 might partly be induced by p21
Waf -1 / Cip -1 . The mechanism of G2 / M arrest needs to be further investigated.
dl1520 -induced apoptosis in cytotoxic cells
Adenovirus E1A protein could induce both p53-dependent and p53-independent apoptosis. 5 ± 8 Apoptosis is mediated by numbers of the caspase family of proteases and eventually, causes the degradation of chromosomal DNA, an event caused by caspase-activated deoxyribonuclease ( CAD ). 35, 36 We extracted genome DNA from cells infected with dl1520 and analysed on 2% agarose gel stained with ethidium bromide. DNA fragmentation was found in both Hep3B and HepG2 cells after dl1520 infection, with stronger DNA fragmentation bands in Hep3B cells (Fig 5 ) . The results indicate dl1520 could induce apoptosis via both p53 -dependent and p53 -independent pathways.
Bax, a pro -apoptosis protein in the bcl -2 family, could be transactivated by p53. 37, 38 To investigate the involvement of Bax in dl1520 -induced apoptosis, Western blotting was performed to detect Bax protein level after dl1520 infection. Expression of Bax protein was increased in HepG2 cells after dl1520 infection, whereas no obvious changes were found in Hep3B (Fig 6A ) . Notably, three proteins, size between 40 and 80 kDa, were found greatly increasing 48 hours after dl1520 infection in Hep3B cells but not in HepG2 cells. These three proteins might be Bax -like pro -apoptosis proteins that are involved in the regulation of cell death induced by adenovirus in Hep3B cell line. This hypothesis was confirmed by wild -type adenovirus type 5 (Ad5 ) infection. Two days after Ad5 infection, when cytotoxic effect was found in both Hep3B and HepG2 cell lines, the Bax -like proteins were only shown in infected Hep3B cells ( Fig 6B ) . To further confirm these Bax -like proteins are involved in adenovirus -induced cell death in p53 -null cells, we infected the osteocarcinoma cell line SaoS-2 ( p53-null ) with Ad5 or dl1520; two Bax -like proteins were clearly found 24 hours after infection when cytolysis occurred (Fig 6C ) . 
2.0kb
(hrs) Figure 5 . DNA fragmentation analysis after dl1520 infection. Hep3B and HepG2 cell lines were infected with dl1520 at MOI 100 and total DNA was extracted at 0, 24, and 48 hours after dl1520 infection. DNA samples were analysed electrophoretically on 2% agarose gel and visualised by ethidium bromide.
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The results indicate dl1520 could induce apoptosis through activating bax in a p53-dependent manner, and Bax -like proteins in a p53 -independent manner. Further investigation is underway in our laboratory to identify these Bax -like proteins.
DISCUSSION
Previous works have suggested dl1520 -induced cytolysis may not be dependent on cellular p53 status. 28, 39, 40 In this study we tested the cytotoxic effect of adenovirus dl1520 on nine human HCC cells lines and investigated the possible mechanism underlying cytolysis.
Firstly, we demonstrated that those p53 genotypes were not correlated with p53 transcription activity in HCC cell lines. As determined by luciferase expression under the control of p53 response element, some HCC cell lines with mutant p53 genes still maintained p53 transcription activities, whereas some HCC cell lines, though containing wildtype p53 genes, lost p53 transcription activities. This result suggests p53 gene mutation does not always disrupt p53 transcription activity, and p53 transcription activity could be blocked by binding of oncoproteins, such as HBx antigen in HCC. 20 ± 22 Secondly, our results suggest the susceptibility of HCC to dl1520 -induced cytolysis is related with cellular p53 genotype as well as p53 transcriptional activity, whereas other genes might be involved in the regulation. We tested the cytotoxic effect of dl1520 on HCC cell lines with different p53 status as determined by both p53 genotype and p53 transcription activity. The results showed that HCC cells with deleted or mutant p53 gene and reduced p53 transcription activities were most susceptible to dl1520 -induced cell killing, with over 50% cell death after infection. However, not all of this kind of HCC cell lines were susceptible to dl1520 infection, indicating some genes other than p53 might be involved in the regulation of dl1520 -induced cell killing. It has been demonstrated that the binding of adenovirus knob to cellular receptors ( Coxsakievirus and adenovirus receptor, CAR ) and penton base proteins with integrins are needed for adenoviruses to enter the host cells. 41, 42 CAR was expressed at various levels in tumor cells. 43 Lack of CAR expression might be one of the reasons for dl1520 to kill cells inefficiently.
Thirdly, we demonstrated that dl1520 -induced cytotoxicity causes cell cycle arrest at G2 / M phase. Because Hep3B are more susceptible to dl1520 -induced cytolysis, 24 hours after dl1520 infection G2 /M blockage was already found in the Hep3B cell line and the percentage of G2 /M cells increased as cytolysis progressed, whereas, in the HepG2 cell line, S phase induction was first found after dl1520 infection and G2 /M phase arrest appeared when cytolysis occurred 48 hours later. G2 /M arrest has been involved in cell death induced by various stresses. 44 ± 46 This result indicates cell cycle disturbance is involved in dl1520 -induced cytotoxicity.
Further investigations show that the G2 /M arrest is partly induced by p21
Waf -1 / Cip -1 . Under the stimulation of oncoproteins like E1A, p53 protein becomes active and could induce cell cycle arrest by transactivating the CDKI p21
Waf -1 / Cip -1 . 29 Previous work showed that E1A could also inhibit p53 and transforming growth factor beta ± mediated induction of p21 through its p300 /CBP -binding region. 47 ± 50 In addition to functioning as a CDKI and arresting cell cycle at the G1 phase, p21
Waf -1 / Cip -1 has been shown to Figure 6 . Western blotting analysis of Bax protein expression after adenovirus dl1520 infection. Hep3B and HepG2 cells were infected with dl1520 ( A ) or wild -type adenovirus type 5 ( B ) at MOI 100 and total proteins were extracted using RIPA buffer at various times after infection as indicated. Equivalent amounts of protein samples were analysed by immunoblotting using anti -human Bax antibody ( B -9, Santa Cruz Biotechnology ) and visualised by ECL system ( Amersham ) . (C) Osteocarcinoma cell line SaoS -2 ( p53 -null ) cells were infected with dl1520 or wild -type adenovirus type 5 at MOI 100. Bax proteins were detected as described before.
Cancer Gene Therapy, Vol 8, No 5, 2001 bind to proliferating cell nuclear antigen (PCNA ) and to block cell cycle at G2 /M phase. 32 ± 34,51 The G2 /M arrest was not correlated with the p53 status and might be through inhibition of PCNA function. 33, 34 Here, we found p21 mRNA was downregulated 24 hours after dl1520 infection and increased later in HepG2 cell line as cytolysis occurred. This result is coincident with cell cycle perturbation in HepG2 cell line. However, no p21
Waf -1 / Cip -1 induction was found in Hep3B cells after dl1520 infection. The results suggest dl1520 -induced G2 / M arrest is partly regulated by induction of p21
Waf -1 / Cip -1 . Fourthly, our data suggest dl1520 could induce apoptosis through both p53 -dependent and p53 -independent pathways, which may be mediated by Bax and Bax -like proteins. It has been suggested that E1A could induce both p53-dependent and p53 -independent apoptosis. 5 ± 8 The genes that can be transactivated by p53 and are involved in apoptosis are Bax, 37 ipf -bp3, 52 noxa, 53 and pidd. 54 Here, we found Bax expression was enhanced in HepG2 cells after dl1520 infection. No obvious change of Bax expression is found in Hep3B cells after infection. However, three proteins, ranging from 40 to 80 kDa, were greatly enhanced when immunoblotting with anti -Bax antibody. These three proteins were also found in both wild -type adenovirusinfected Hep3B cells and adenovirus -infected SaoS -2 cells when cytolysis occurred.
Bax belongs to the Bcl -2 family, which is a key regulator of apoptosis. Over a dozen Bcl -2 family members have been identified in mammalian cells 38, 55, 56 and are classified into three functional groups. The first group contains the antiapoptotic proteins like Bcl -2 and Bcl -X L . The second group functions as pro -apoptosis, containing Bax, Bak, and Bcl -X S . To the third group belong the proteins containing only BH3 domain. The main mechanism that the Bcl -2 family regulates apoptosis is through regulating mitochondrial physiology or mitochondria -dependent caspase activation. 38,55 ± 57 Previous work has shown that adenovirus E1A ±induced apoptosis is mediated by caspase-9 through regulating cytochrome c release from mitochondria. 58 This indicates the possible involvement of the Bcl -2 family in the regulation of adenovirus -induced apoptosis. Under the investigation of cell death induced by dl1520, we found that adenovirus dl1520 was able to cause DNA degradation, a characteristic of apoptosis, in both p53-wt and p53-null HCC cells. This indicates dl1520 -induced cytotoxicity is mediated by apoptosis in p53-dependent and p53 -independent manners. The p53 -dependent apoptosis is mediated by activating Bax, and the p53-independent apoptosis is mediated by Bax -like proteins. The genes that encode these Bax -like proteins and their functions in regulation apoptosis need further investigation.
Taken together, our results suggest the susceptibility of HCC cells to adenovirus dl1520 is related with p53 genotype and functional status, and dl1520 -induced cytotoxicity is through both cell cycle perturbation and apoptosis. These data may provide useful information for us to better understand the mechanisms by which adenoviruses induce cytotoxicity and to further explore and design effective adenoviral vectors for cancer therapy.
